Based on the first-principles computational method and the elastic scattering Green's function theory, we have investigated the electronic transport properties of different oligothiophene molecular junctions theoretically. The numerical results show that the difference of geometric symmetries of the oligothiophene molecules leads to the difference of the contact configurations between the molecule and the electrodes, which results in the difference of the coupling parameters between the molecules and electrodes as well as the delocalization properties of the molecular orbitals. Hence, the series of oligothiophene molecular junctions display unusual conductive properties on the length dependence.
I. INTRODUCTION
With the improvement of the nano-technology and the single-molecule-manipulation technology, rapid progress has been made for the molecular electronics both in experimental and theoretical research [1−8] . The single molecule especially the organic molecule is considered as the most candidate of the new electronic device because it possesses plentiful and excellent nonlinear electronic transport properties [9−15] . In addition, the small size of the molecule can speed the operation rate of the circuit and raise the capacity of the memory chip substantially. And it is also convenient to improve the device function because the molecule is easy to be modified chemically. Recently, scientists have studied various kinds of molecules experimentally and theoretically, and found many significant functional properties [16−24] . In these molecules, the aromatic compounds with main units of benzene rings have been paid the largest attention for they possess rich delocalized π electrons which have great advantage over the electronic transport [1, 20−24] . The main units of oligothiophene molecules are five numbered thiophene rings with each ring consisting of a sulfur atom [25−28] . The oligothiophene molecules also contain rich delocalized π electrons because the structure of the other part of the thiophene ring resembles to the benzene rings. Additionally, since there contains electronegative sulfur atom in the thiophene ring, one will expect that the oligothiophene molecules may have new electronic properties different from the aromatic compounds. In 2005, Xu * Author to whom correspondence should be addressed. E-mail: lizongliang@sdnu.edu.cn, FAX: +86-531-86182521 and his co-workers have studied single oligothiophenes with three and four thiophene repeating units covalently linked to two Au electrodes [25] . They found an unusual conductive property that the four-repeating unit molecule is more conductive than the three-repeating unit molecule. Speyer et al. have analyzed this unusual length dependence by calculating the conductance for a range of multi-atom displacements corresponding to a selected vibrational mode [29] . While Peng's theoretical study shows that the conductance length dependence follows the simple exponential law which is contrary to the experimental findings [25, 30] . In order to understand this unusual property, we have investigated the electronic transport properties of the oligothiophene molecules theoretically. Our numerical results consist with the experimental ones very well, and give the experiment reasonable explanations.
II. THEORETICAL MODEL AND COMPUTATIONAL DETAIL
Considering that only the nearest atoms have evident interaction with the oligothiophene molecule, we model molecular junctions by sandwiching oligothiophene molecule between two gold atomic clusters to form extended molecules (Fig.1) . After performing geometric optimization for the extended molecules, we calculate the electronic transport properties by using the geometric and electronic parameters that are computed out by the geometric optimization. In fact, because of the quantized energy levels, the electronic transports in the molecular junctions are the process that the electrons which are injected from one electronic reservoir (S) are scattered by the molecules and then transited into the other electronic reservoir (D). This process con- tains both elastic and inelastic transport process, which all belong to the non-equilibrium process. Generally, the inelastic process can be ignored because the size of the molecule is usually much smaller than the mean free path of the electrons. Therefore, based on the elastic scattering Green's function theory [31] , for a three dimensional electrode, the net current density of molecular junction from source to drain can be written as [32−36] :
where V SD is external bias, m * is the electron effective mass, E f is the Fermi level, n S and n D are the density of states of the source and drain. T (E z ) is the transition matrix element from the source to the drain, |n is the eigenstate of the Hamiltonian (H) of a finite system that consists of the molecule sandwiched between two clusters of metal atoms. J(K) runs over all the atomic sites, which are denoted as 1, 2, . . ., N , sites 1 and N are two end sites of molecule those connect with two electron reservoirs. And S(D) runs over the atomic sites of the reservoirs (source and drain). U JS (U DK ) represents the coupling between atomic site J(K) and reservoirs S(D) and U JS is written as follows:
Then the current flow is obtained by I SD =Ai SD , and the conductance is G=∂I SD /∂V SD , where A is the effective injection area.
The geometric and electronic structure optimizations are performed at hybrid density-functional theory (DFT) B3LYP level with Lanl2DZ basis set implemented in the Gaussian 03 package [37] . And the electronic transport properties are carried out by QCME codes [38] , which is based on our generalized quantum chemical elastic scattering Green's function theory.
III. RESULTS AND DISCUSSION

A. Geometric structures of the oligothiophene molecular junctions
The molecules that we simulate are the oligothiophenes with one (abbreviated as 1T1DT), two (abbreviated as 2T1DT), three (abbreviated as 3T1DT), and four (abbreviated as 4T1DT) thiophene rings respectively, which were studied experimentally by Xu et al. [25] . Figure 1 shows the gold-molecule-gold extended molecules of 1T1DT, 2T1DT, 3T1DT, and 4T1DT respectively. For the four extended molecules, the terminal sulfur atoms are all anchoring on the hollow position of the Au(111) surfaces for their lower energies than other anchoring positions. For 1T1DT and 3T1DT extended molecules, the Au(111) surfaces of the two electrodes of each extended molecule are parallel and straight face to each other. However, for 2T1DT and 4T1DT extended molecules, the terminal C−S bonds are approximately perpendicular to the Au(111) surfaces.
In order to determine the geometric structures of these molecular systems, we performed the geometric optimizations for each of the molecular systems with the gold clusters in different distances. After the geometric optimizations, we obtain the suitable distance between the two gold clusters, and the distance between the terminal sulfur atom and the nearer gold cluster for each molecular system (Table I ). The numerical values show that the distances between the terminal sulfur atoms and the nearer gold clusters for 2T1DT and 4T1DT molecular systems is smaller than those of 1T1DT and 3T1DT molecular systems. The distance between the molecule and the electrode have great influence on the coupling between the molecule and electrode. The coupling parameter between the terminal sulfur atom and the nearer gold cluster for each (2) one can find that the coupling parameter is an important factor that influence the electronic transport, especially the unresonance transmission. Because of the unresonance transmission, no electronic pathway has been opened, and the transmission is contributed by the tail of the conducting bands, which consist of a group of delocalized conjugated orbitals [6] .
B. Current-voltage properties of the oligothiophene molecular junctions
Figure 2(a) shows the current-voltage (I-V ) curves for the four molecular junctions. In the lower bias range, the electronic transport is mainly supported by the unresonance transmission. In the lower bias range, the currents of 1T1DT and 3T1DT molecular systems are very weak. While for 2T1DT and 4T1DT molecular systems, the currents increase slowly in the lower bias range, due to their larger coupling parameters than that of 1T1DT and 3T1DT molecular systems. For 4T1DT molecular system, the increase trend of the current is quickened at about 0.65 V, which consists with the experiment. For 3T1DT molecular system, it is also at about 0.65 V when the current speed up increase, but the slope of the curve is smaller than that of 4T1DT molecular system obviously. For 2T1DT molecular system, the current increases quickly at about 0.85 V. While for 1T1DT molecular system, the current speed up increase at about 0.95 V, which is higher than the other three molecular system and which is attributed to the larger gap between the HOMO and the LUMO of 1T1DT. Additionally, in the higher bias range, 4T1DT also shows more conductive than 3T1DT, and 2T1DT shows more conductive than 1T1DT. and 4T1DT, the conductance plateaus arise at about 0.65 V, while for 1T1DT, the conductance plateau arises at a higher bias of about 0.95 V. Additionally, the 2T1DT shows the highest conductance plateau from the bias of about 0.8 V, and displays more conductive than 1T1DT. The conductance plateau of the 4T1DT is higher than that of the 3T1DT. So from above one can find that not only in the lower bias range but also in the higher bias range, 4T1DT all shows more conductive than 3T1DT as the experiment findings [25] .
C. Transmission spectra of the oligothiophene molecular junctions
The arising of a conductance plateau corresponds to the arising of transmission peaks. In order to deeply understand the electronic transport properties of the oligothiophene molecular junctions, we plot electronic transmission spectra of the molecular systems in Fig.3 . The figure shows that, although there is no transmission peak blow the energy of 0.5 V, the unresonance transmission intensity of 2T1DT and 4T1DT molecular systems is obviously higher than that of 1T1DT and 3T1DT molecular systems. So in the lower bias range, the current intensity of 2T1DT and 4T1DT molecular systems is stronger than that of 1T1DT and 3T1DT molecular systems. In the calculated energy window, there is only one transmission peak for 1T1DT, 3T1DT and 4T1DT molecular system, respectively. While for 2T1DT molecular junction, there are two large and high transmission peaks at the range of 0.80−0.95 eV, so the conductance plateau arise at about 0.8 V and is higher than that of the other three molecular systems. Comparing the transmission peaks of 3T1DT and 4T1DT molecular systems, one can find that, the transmission peak of 4T1DT is obviously larger than the peak of 3T1DT, which results in the more conductive of 4T1DT molecular junction than 3T1DT molecular junction in the higher bias range. The transmission peak of 3T1DT molecular system is the smallest in the four molecular systems, so the conductance plateau of 3T1DT is lower than the other three molecular systems. The arising of transmission peaks implies the openings of transmission channels, which correspond to the delocalized orbitals of the molecular systems. Figure 4 shows the molecular orbitals that correspond to the electronic transmission peaks of the oligothiophene molecular junctions. The numerical results show that the molecular orbitals which correspond to the transmission peaks in the discussed energy window are four molecular orbitals which are the LUMO, LUMO+1, LUMO+2, and LUMO+3 for all of the four moleculecular systems. The energies of these four molecular orbitals of 1T1DT and 2T1DT molecular systems are higher than those of 3T1DT and 4T1DT which consist with the positions of the electronic transmission peaks as well as the positions of the conductance plateaues. The four molecular orbitals of 1T1DT and 3T1DT molecular systems are approximately degenerate. However, for 2T1DT and 4T1DT molecular systems, there are little gaps between the LUMO+1 and LUMO+2, which is different from the 1T1DT and 3T1DT molecular systems. Figure 4 shows that the large portions of the LUMO, LUMO+1, LUMO+2, and LUMO+3 of the four molecular systems are localized at the two ends of the molecular systems and a little proportions spreading into the interior of the molecules, which suggests that the formation of those molecular orbitals are mainly by the spreading of the electronic states of the gold cluster. The 1T1DT and 2T1DT molecular systems are two shorter molecular systems, so it is easier to arise overlaping for the electronic states when the orbitals of the two gold electrodes spreading into the molecules. Therefore the four molecular orbitals all have some con- tribution to the electronic transport for the 1T1DT and 2T1DT molecular systems. These four molecular orbitals of the 4T1DT molecular system show more delocalization than the 3T1DT molecular system. Especially, the LUMO and LUMO+1 of the 3T1DT molecular system have no contribution to the electronic transport since they are localized at one end of the molecular system. For the 3T1DT molecular system, only the LUMO+2 and LUMO+3 have obvious contribution to the electronic transport. However, for the 4T1DT molecular system, those four molecular orbitals have contribution to the electronic transport since not only the LUMO+2 and LUMO+3 are the better delocalized orbitals, but also the LUMO and LUMO+1 are the delocalized orbitals in some extend.
IV. CONCLUSION
Based on the hybrid density functional method, we have studied the electronic transport properties of a series of oligothiophene molecular junctions by applying generalized elastic scattering Green's function theory. The numerical results show that for the series of oligothiophene molecular junctions, the longer 2T1DT molecule is more conductive than the shorter 1T1DT molecule, and the longer 4T1DT molecule is more conductive than the shorter 3T1DT molecule. Although this is an unusual conductive property, it consists with experimental results very well. The reason for this phenomenon is that the geometric symmetries for the oligothiophene molecule with even and odd thiophene rings are different, which leads to the difference of the contact configurations between the molecule and the electrodes, and results in the larger coupling parameters of the oligothiophene molecules with even thiophene rings than those of the molecules with odd thiophene rings.
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